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Abstract
The characteristics of the spectral evolution of the prompt emission of gamma-ray bursts (GRBs), which are
closely related to the radiation mechanism (synchrotron or photosphere), are still an unsolved subject. Here, by
performing the detailed time-resolved spectral ﬁtting of GRB 131231A, which has a very bright and well-deﬁned
single pulse, some interesting spectral evolution features have been found. (i) Both the low-energy spectral index α
and the peak energy Ep exhibit the “ﬂux-tracking” pattern (“double-tracking” characteristics). (ii) The parameter
relations, i.e., F (the energy ﬂux)-α, F–Ep, and Ep–α, along with the analogous Yonetoku Ep–Lγ,iso relation for the
different time-resolved spectra, show strong monotonous (positive) correlations, both in the rising and the decaying
phases. (iii) The values of α do not exceed the synchrotron limit (α=−2/3) in all slices across the pulse, favoring
the synchrotron origin. We argue that the one-zone synchrotron emission model with the emitter streaming away at
a large distance from the central engine can explain all of these special spectral evolution characteristics.
Key words: gamma-ray burst: general – radiation mechanisms: non-thermal
1. Introduction
One of the leading models to interpret the observed spectral
shape in the prompt emission of gamma-ray bursts (GRBs) is the
synchrotron radiation model (e.g., Lloyd & Petrosian 2000; Tavani
et al. 2000; Baring & Braby 2004; Burgess et al. 2011, 2014;
Zhang 2018), which invokes emission of relativistic charged
particles either from internal shocks or from internal magnetic
dissipation processes. The observed GRB spectra, i.e., both the
time-integrated and the time-resolved spectra, can be described well
by an empirical Band function (Band et al. 1993)—namely, the
smoothly connected broken power law. The low-energy power-law
index α is typically ∼−1.0, the high-energy index β∼−2.2, and
the peak energy Ep∼300 keV for the time-integrated spectrum,
based on the statistical works of a large sample of GRBs (e.g.,
Preece et al. 2000; Kaneko et al. 2006; Gruber et al. 2011; Nava
et al. 2011; Zhang et al. 2011; Goldstein et al. 2012; Geng &
Huang 2013). For the time-resolved spectra, the low-energy index
α is much harder (α∼−0.8; Kaneko et al. 2006; Yu et al.
2016, 2018). The high-energy spectral index β is usually not
evaluated for time-resolved spectra due to the small number of
photons available. The peak energy is, however, often different at
the peak time from the average spectrum (Kaneko et al. 2006).
The evolution characteristics of Ep and α based on the time-
resolved spectra have been widely studied in early (pre-Fermi
era; e.g., Golenetskii et al. 1983; Norris et al. 1986; Bhat et al.
1994; Kargatis et al. 1994; Ford et al. 1995; Crider et al. 1997;
Kaneko et al. 2006; Peng et al. 2009) and recent (Fermi era; e.g.,
Lu et al. 2012; Yu et al. 2016; Oganesyan et al. 2017; Acuner &
Ryde 2018; Ravasio et al. 2018; Yu et al. 2018; Li 2019a, 2019b)
works. In the pre-Fermi era, the Ep is revealed to exhibit several
distinct patterns: (i) the “hard-to-soft” trend, decreasing mono-
tonically regardless of the rise and fall of the ﬂux (e.g., Norris
et al. 1986; Bhat et al. 1994; Band 1997); (ii) the “ﬂux-tracking”
trend (e.g., Golenetskii et al. 1983; Ryde & Svensson 1999); and
(iii) others (e.g., soft-to-hard or chaotic evolutions; Laros et al.
1985; Kargatis et al. 1994). After the launch of Fermi in 2008,
with the spectral data of higher quality, the former two patterns
are conﬁrmed to be dominated: “hard-to-soft” for about two-
thirds and “ﬂux-tracking” for about one-third (e.g., Lu et al. 2012;
Yu et al. 2018). The physical origin of these Ep evolution patterns
still remain unsolved, though some scenarios have been proposed
in the literature (e.g., Liang et al. 1997; Ryde & Svensson 1999;
Medvedev 2006; Zhang 2011; Zhang & Yan 2011; Deng &
Zhang 2014; Uhm & Zhang 2014, 2016; Oganesyan et al.
2018, 2019; Uhm et al. 2018; Burgess et al. 2019).
As for the α evolution, based on a Burst And Transient
Source Experiment (BATSE) sample, for the ﬁrst time, Crider
et al. (1997) pointed out that α evolves with time rather than
remaining constant. Compared with Ep evolution, the α
evolution is more chaotic, and thus there are relatively fewer
studies and physical explanations. In addition, the correlation
analysis for the evolution of Ep and α in a single burst is
lacking. Here in this work, after carrying out the detailed time-
resolved spectral analysis of the single pulse in the bright Fermi
burst, GRB 131231A, we ﬁnd that both the Ep and α evolutions
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exhibit the “ﬂux-tracking” behavior, which can be deﬁned as
“double-tracking” patterns of the spectral evolution. This is
quite interesting, since such features are very rarely observed
within a single burst. The low-energy power-law photon index
α, as predicted by synchrotron model, has a limit value called
the line of death (LOD; Preece et al. 1998).11 This limit
requires that α could not exceed the value of −2/3. On the
other hand, when the electrons are in the fast cooling regime,
the spectral index of the electron distribution is −2, resulting a
photon index of −3/2 (Sari et al. 1998). Therefore, in the
simple synchrotron scenario, α ranges from −3/2 (fast cooling
case) to −2/3 (slow cooling case). Considering that α does not
exceed the synchrotron limit (α=−2/3; Preece et al. 1998) in
all slices across the pulse, we try to use the synchrotron
emission model to interpret these “double-tracking” spectral
evolution characteristics.
The paper is organized as follows. The data analysis is
presented in Section 2. The physical interpretations are
presented in Section 3. The conclusions and discussions are
presented in Section 4. Throughout the paper, a concordant
Friedmann–Lemaitre–Robertson–Walker Cosmology with para-
meters H0=71 km s
−1 Mpc−1, Ω M=0.30, and Ω Λ=0.70
are adopted. The convention Q=10xQx is adopted in cgs units.
2. Data Analysis
2.1. Observations
GRB 131231A (trigger 410157919/131231198) triggered
gamma-ray burst monitor (GBM: 8 keV–40 MeV) on board
the NASA Fermi Gamma-Ray Observatory at 04:45:16.08
UT (T0) on 2013 December 31. In addition, the intense
high-energy emission of GRB 131231A also triggered the
Large Area Telescope (LAT) on board Fermi and the Konus-
Wind. The light curve of the prompt emission exhibits a
single large peak proﬁle (Figure 1), with T90 (Mazets et al.
1981; Kouveliotou et al. 1993) of 31.23±0.57 s in the
50–300 keV band (Jenke & Xiong 2014). GRB 131231A is a
very bright burst, and the ﬂuence in the energy range
of 10 keV–1000 keV from T0+0.003 s to T0+56 s reported
by the GBM team is (1.40±0.001)×10−4 erg cm−2
(Jenke 2014), while the energy range of 20 keV–10 MeV
from T0 to T0+7.488, based on the observation of Konus-
Wind, is (1.55±0.05)×10−4 erg cm−2 (Golenetskii et al.
2014). The 1024 ms peak ﬂux in the energy range of
10–1000 keV is 78.81±0.65 photon cm−2 s−1 according to
the Fermi observation. The time-averaged spectrum from T0 s
to T0+34.303 s, as reported in Golenetskii et al. (2014), can
be well ﬁtted by the Band function (Band et al. 1993),
with the best-ﬁt parameters of the low-energy photon
index as α=−1.28±0.04, the high-energy photon index
as β=−2.47±0.05, the peak energy as Ep=163±
6 keV, and the value of ﬁtting quality as χ2/dof=94.3/82
(Golenetskii et al. 2014). Furthermore, GeV afterglow
emission was detected for GRB 131231A and its temporal
and spectral behavior can be accounted for with the
synchrotron self-Compton radiation of the relativistic
electrons accelerated by the forward shock (Liu et al.
2014). Swift/Burst Alert Telescope and the early
Swift/X-ray Telescope (XRT) observations, as well as
the optical afterglow emission, are not available. The
X-ray counterpart was detected by the Swift/XRT at
52.186 ks after the trigger, with the location of R.
A.=10.5904 and decl.=−1.6519 (Liu et al. 2014).
The redshift of this GRB is ∼0.642 (Cucchiara 2014;
Xu et al. 2014) and the estimation of the released
isotropic energy is Eγ,iso=(3.9±0.2)×10
53 erg (Xu
et al. 2014).
Figure 1. Example of count spectral ﬁt results using the brightest (highest S/N) time bin (22.221∼23.375).
11 Recent studies suggested that the LOD is not a hard limit for synchrotron
radiation. Zhang et al. (2016) showed that instead of the Band function ﬁts, one
should apply physical synchrotron models with the proper treatment of
synchrotron cooling to ﬁt the original data. Burgess et al. (2018) showed that
with such an approach, many bursts with Band function α beyond the LOD can
actually be well ﬁt by the synchrotron model. This suggests that the LOD is no
longer a hard limit for synchrotron radiation. From theoretical aspects,
introducing small pitch angle synchrotron radiation (Lloyd-Ronning &
Petrosian 2002) or a pitch angle distribution (Yang & Zhang 2018) can also
help to break the LOD limit.
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2.2. Time-resolved Spectral Fits
The software package RMFIT12 (version 3.3pr7) is applied
to carry out the spectral analysis. To ensure consistency of
the results across various ﬁtting tools, we also compare the
results with the Bayesian approach analysis package—namely,
the Multi-Mission Maximum Likelihood Framework (3ML;
Vianello et al. 2015), which has been applied to conduct the
time-resolved spectral ﬁtting analysis by many authors (e.g.,
Burgess et al. 2017; Yu et al. 2018; Li 2019a, 2019b; 2019c).
The GBM carries 12 sodium iodide (NaI, 8 keV–1MeV) and
two bismuth germanate (BG0, 200 keV–40 MeV) scintillation
detectors (Meegan et al. 2009). We perform the spectral
analysis using the data of three NaI detectors (n0, n3, and n4)
and one BGO detector (b0) on Fermi-GBM. The time-tagged
event (TTE) data used to contain pulse height counts and
photon counts are, therefore, obtained after the true signal is
deconvolved from the detector response. We estimate the
background photon counts by ﬁtting the light curve before and
after the burst with a one-order background polynomial model.
The source is selected as the interval from 0 to 50 s, which
covers the main source interval after subtracting the back-
ground. The time bin selection for the time-resolved spectral
analysis follows the Bayesian Blocks method (BBs; Scargle
et al. 2013). We also calculate the signal-to-noise ratio (S/N)
for each slice, with the derived photon signal and background
noise using the XSPEC (version 12.9.0) tool.13 To carry out a
precise spectral analysis, enough source photons should be
included in each slice. Therefore, a suitable value of S/N is
required (Vianello 2018); we apply S/N20 in this paper.
After binning with the BBs, we obtain 26 spectra in the interval
from 0 to 50 s. All of these spectra can be well ﬁtted by the
Band model, except for 3 spectra with unconstrained β. The
goodness-of-ﬁt is determined by reduced C-stat minimization.
The best-ﬁt parameters for each spectrum (α, β, and Ep), along
with its time interval, S/N, C-stat/degrees of freedom (dof), and
reduced C-stat, are summarized in Table 1. An example of count
spectral ﬁts is shown in Figure 1, and the temporal evolution of
spectral parameters (Ep and α) is presented in Figure 2.
2.3. Parameter Correlation Analysis
The spectral correlation analysis plays an important role in
revealing the radiation nature of GRB prompt emission. The
key correlations include those between the energy ﬂux F, the
peak energy Ep, and the low-energy photon index α, i.e., Ep–F,
α–F, and Ep–α correlations.
To investigate the above mentioned relations, the energy ﬂux
F in each slice needs to be known. We obtain the energy ﬂux
(erg cm−2 s−1) by integrating the FE (erg cm
−2 s−1 keV−1)
spectrum of the Band model, for the energy range from
10 keV to 40MeV, and the corresponding time interval of each
Table 1
Results of the Time-resolved Spectral Fits of GRB 131231A
t1∼t2
a S/N α β Ep C-stat/dof Red.C-stat
(s) (keV)
(1) (2) (3) (4) (5) (6) (7)
0.000∼2.886 14.58 −1.51±0.13 −2.12±0.11 53.74±8.68 401.40/314 1.28
2.886∼12.683 38.83 −1.36±0.11 −2.17±0.15 124.50±29.30 573.88/314 1.83
12.683∼15.056 35.63 −1.18±0.11 −2.38±0.38 184.70±40.50 406.14/314 1.29
15.056∼15.437 22.03 −1.28±0.07 Unconstrained 495.70±126.35 404.12/314 1.29
15.437∼16.165 48.56 −1.04±0.05 Unconstrained 471.90±53.90 338.15/314 1.08
16.165∼17.968 68.45 −1.05±0.05 −2.38±0.24 317.50±38.00 342.01/314 1.09
17.968∼19.966 106.06 −0.92±0.04 −2.34±0.11 275.10±19.40 331.56/314 1.06
19.966∼21.278 101.66 −0.92±0.04 −2.60±0.20 282.90±18.60 341.45/314 1.09
21.278∼21.597 59.67 −0.87±0.08 −2.44±0.23 277.50±33.60 298.70/314 0.95
21.597∼22.221 97.06 −0.96±0.03 Unconstrained 473.00±25.60 315.04/314 1.00
22.221∼23.375 165.80 −0.85±0.03 −2.67±0.13 346.10±13.80 379.86/314 1.21
23.375∼24.659 155.46 −0.87±0.03 −2.77±0.15 242.40±10.10 351.51/314 1.12
24.659∼25.263 116.19 −0.81±0.05 −2.49±0.12 239.70±14.70 404.67/314 1.29
25.263∼26.353 145.40 −0.91±0.04 −2.40±0.08 197.90±11.30 351.35/314 1.12
26.353∼27.721 138.03 −0.98±0.05 −2.32±0.07 140.40±9.67 389.81/314 1.24
27.721∼29.192 129.90 −0.98±0.07 −2.41±0.07 96.57±6.11 340.68/314 1.08
29.192∼31.152 138.79 −1.06±0.08 −2.37±0.06 73.37±4.51 293.85/314 0.94
31.152∼32.195 117.85 −1.20±0.07 −2.76±0.16 86.39±5.10 403.77/314 1.29
32.195∼33.320 108.76 −1.21±0.07 −3.02±0.24 74.84±3.82 365.74/314 1.16
33.320∼35.454 117.18 −1.16±0.08 −2.65±0.10 57.98±2.93 441.12/314 1.40
35.454∼37.245 83.90 −1.10±0.19 −2.30±0.06 45.62±4.87 365.87/314 1.17
37.245∼38.427 86.84 −1.37±0.07 −2.74±0.26 87.99±7.69 347.67/314 1.11
38.427∼40.354 86.40 −1.42±0.08 −2.59±0.18 74.13±6.70 401.45/314 1.29
40.354∼41.834 56.08 −1.31±0.18 −2.37±0.13 55.82±8.22 312.84/314 1.00
41.834∼46.031 67.02 −1.57±0.09 −2.72±0.29 54.80±4.75 366.55/314 1.17
46.031∼50.000 40.23 −1.48±0.19 −2.63±0.24 39.85±4.33 410.26/314 1.31
Note.
a Time intervals.
12 https://fermi.gsfc.nasa.gov/ssc/data/analysis/user/ 13 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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time-resolved spectrum (Column (1) in Table 1). Then, we
show the temporal evolution of Ep and α, respectively,
compared with the energy ﬂux in Figure 3 and ﬁnd the more
prominent “ﬂux-tracking” behavior than Figure 3 (especially
before the peak time).
The relation between the energy ﬂux F and Ep, i.e., the
Golenetskill Ep–F relation (Golenetskii et al. 1983; Burgess
2019), for the time-resolved spectra of GRB 131231A is
shown in Figure 4(a). Previous analyses (e.g., Borgonovo &
Ryde 2001; Firmani et al. 2009; Ghirlanda et al. 2010; Yu et al.
2018) have revealed that the Golenetskill Ep–F relation shows
three main types of behavior: a non-monotonic relation
(containing positive and negative power-law segments, with a
distinct break typically at the peak ﬂux), a monotonic relation
(described by a single power law), and no clear trend. The
time-resolved Ep–F in GRB 131231A (our case) shows a tight
positive-monotonic correlation for both the rising and decaying
wings in the log–log plot, but the power-law indices are quite
Figure 2. Temporal evolution of the Ep (marked with orange in the left panel) and α (marked with orange in the right panel) of GRB 131231A, and the GRB light
curve is overlaid in gray.
Figure 3. Temporal evolution of the energy ﬂux (the left-hand y-axis), along with Ep (left panel) and α (right panel). The symbols are the same as in Figure 2.
Figure 4. Ep (left panel), and α (right panel) as a function of the ﬂux. The purple dot and the black dot data points represent the rising and decaying wing, respectively.
The solid black and solid purple lines represent the best ﬁt to the rising and decaying wings, respectively.
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different (Figure 4(a)). This case hence corresponds to
the common type of monotonic relation. For the rising
wing, our best ﬁt is log Ep/(keV)=(4.86±0.63)+(0.45±
0.12)×log F/(erg cm−2 s−1),14 with the number of data points
N=11, the Spearman’s rank correlation coefﬁcient R=0.63,
and a chance probability p<10−4; while for the decaying
wing log Ep/ (keV)=(5.09±0.40)+(0.58±0.07)×
log F/(erg cm−2 s−1) (N=15, R=0.83, p<10−4). The
slope Sd=0.58±0.07 for the decaying wing is greater than
that for the rising wing Sr=0.45±0.12. The results of our
linear regression analysis for parameter relations are reported in
Table 2.
The best ﬁt to the time-resolved α–F relation (e.g., Yu et al.
2018; Ryde et al. 2019) gives α=(1.16±0.23)+(0.42±
0.04)×log F/(erg cm−2 s−1) (N=11, R=0.92, p<10−4)
for the rising wing and α=(1.75±0.37)+(0.54±
0.07)×log F/(erg cm−2 s−1) (N=15, R=0.83, p<10−4)
for the decaying wing. Thus, the α–F relation (Figure 4(b)) for
GRB 131231A is similar to the Ep–F relation, showing a
monotonic positive relation.
Another important relation, i.e., the Ep–α relation, has been
studied in prior works (e.g., Lloyd & Petrosian 2000; Lloyd-
Ronning & Petrosian 2002; Kaneko et al. 2006; Burgess et al.
2015; Chhotray & Lazzati 2015). The relation for single pulses
(e.g., Yu et al. 2018) shows three main types of behaviors,
similar to those of the Ep–F relation. For GRB 131231A, the
best linear ﬁt to the time-resolved Ep–α relation gives log
Ep/(keV)=(3.38±0.35)+(0.90±0.32)×α (N=11,
R=0.46, p<10−4) for the rising wing, while log Ep/
(keV)=(2.92±0.22)+(0.84±0.19)×α (N=15, R=0.60,
p<10−4) for the decaying wing. With the similar relationship in
the rising and the decaying wings, a tight monotonic positive
relation is obtained (see Figure 5).
Since GRB 131231A has a known redshift, we can calculate
the isotropic luminosity for all the time-resolved spectra. After
correcting Ep to the burst rest-frame, we show the time-
resolved Erestp –Lγ,iso relation in Figure 6. For comparison, we
also plot this relation for the GRBs reported in Yonetoku et al.
(2010), with the time-integrated Ep
rest and the peak isotropic
luminosity Lγ,iso of an individual burst (see also, Ghirlanda
et al. 2010; Frontera et al. 2012; Lu et al. 2012). The Ep
rest
–Lγ,iso relation for the time-resolved spectra of GRB 131231A
is consistent with that for the time-integrated spectra of the
Table 2
Results of Our Linear Regression Analysis for Parameter Relations
Relation Phase Expression R p
Ep
a
–Fb Rising log Ep=(4.86±0.63)+(0.45±0.12)×log F 0.63 <10
−4
Ep–F Decaying log Ep=(5.09±0.40)+(0.58±0.07)×log F 0.83 <10
−4
α–F Rising α=(1.16±0.23)+(0.42±0.04)×log F 0.92 <10−4
α–F Decaying α=(1.75±0.37)+(0.54±0.07)×log F 0.83 <10−4
Ep–α Rising log Ep=(3.38±0.35)+(0.90±0.32)×α 0.46 <10
−4
Ep–α Decaying log Ep=(2.92±0.22)+(0.84±0.19)×α 0.60 <10
−4
Erestp
a
–Lγ,iso
c Rising log Ep=(−21.09±6.01)+(0.45±0.12)×log Lγ,iso 0.63 <10
−4
Erestp –Lγ,iso Decaying log Ep=(−28.09±3.78)+(0.58±0.07)×log Lγ,iso 0.83 <10
−4
Notes.
a In units of keV.
b In units of erg cm−2 s−1.
c In units of erg s−1.
Figure 5. Ep–α relation, compared with other three single pulse bursts that
exhibit a “ﬂux-tracking” behavior for Ep evolution (GRB 081207, GRB
090922A, and GRB 100528A) studied in Lu et al. (2012). Two vertical dashed
lines represent the limiting values (synchrotron) of α=−2/3 and α=−3/2
for electrons in the slow and fast cooling regimes, respectively.
Figure 6. Comparison of the time-resolved Erestp –Lγ,iso correlation for the rising
(pink) and decaying (orange) phases of our case (GRB 131231A) with the
time-integrated Erestp –Lγ,iso correlation for the 101 GRBs in Yonetoku et al.
(2010; gray ﬁlled circles). The solid line is the best ﬁt to the time-resolved
spectra of the Yonetoku sample, while the two dotted lines represent its 2σ
dispersion around the best ﬁt.14 All error bars are given at the 95% (2σ) conﬁdence level.
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Yonetoku sample (101 bursts). More interestingly, compared
with the decaying phase, the relation in the rising phase is
much more compatible with that of the Yonetoku sample
(Figure 6). Our best linear ﬁt to the time-resolved Ep
rest–Lγ,iso
relation gives Elog keVp
rest ( ) = -  + 21.09 6.01 0.45( ) (
0.12) × g -Llog erg s,iso 1( ) (N=11, R=0.63, p<10−4)
for the rising wing, while Elog keVp
rest ( ) = -  +28.09 3.78( )
 ´ g -L0.58 0.07 log erg s,iso 1( ) ( ) (N=15, R=0.83,
p<10−4) for the decaying wing. The Yonetoku’s sample
gives Elog keVp
rest ( ) = -  +  ´18.24 1.80 0.39 0.03( ) ( )
g -Llog erg s,iso 1( ) (N=101, R=0.56, p<10−4).
3. Physical Implications
In short, several noticeable features of GRB 131231A can be
summarized as: (i) the prompt emission generally displays a
single large peak proﬁle; (ii) α evolution does not exceed the
synchrotron limits (from −3/2 to −2/3) in all slices across the
pulse; (iii) both the Ep and the α evolution exhibit “ﬂux-
tracking” patterns across the pulse (“double-tracking”); (iv) the
parameter relations, i.e., Ep–F, α–F, and Ep–α, along with the
analogous Yonetoku Erestp –Lγ,iso relation, exhibit a strong
positive-monotonous correlation, both in the rising and the
decaying wings of the pulse. All of these facts suggest that the
spectral evolution in GRB 131231A is very interesting, which
calls for physical interpretations.
Whether the GRB prompt emission is produced by
synchrotron radiation or quasi-thermal emission from the
photosphere (e.g., Vereshchagin 2014; Pe’Er & Ryde 2017)
has been discussed and debated for a long time. Synchrotron
radiation is expected in models like the internal shock model
(Rees & Meszaros 1994; Daigne et al. 2011) or the abrupt
magnetic dissipation models (Zhang & Yan 2011; Deng et al.
2015; Lazarian et al. 2019). On the other hand, the photosphere
models can be grouped into dissipative (Rees &Mészáros 2005;
Pe’er et al. 2006; Giannios 2008; Beloborodov 2009; Lazzati &
Begelman 2009; Ioka 2010; Ryde et al. 2011; Toma et al. 2011;
Aksenov et al. 2013) and nondissipative (Pe’er 2008; Belobor-
odov 2011; Pe’er & Ryde 2011; Bégué et al. 2013; Lundman
et al. 2013; Rufﬁni et al. 2013, 2014; Deng & Zhang 2014;
Meng et al. 2018) models.
In the following sections, we discuss whether the coex-
istence of “ﬂux-tracking” patterns for both α and Ep can be
understood within the frameworks of the synchrotron and
photosphere models, respectively.
3.1. Synchrotron Models
We consider two possible dissipation scenarios: the ﬁrst
scenario invokes small-radii internal shocks, with the radius
deﬁned by RIS;Γ
2 cΔt, where Δt is the observed rapid
variability timescale. The second scenario invokes a large-
radius internal magnetic dissipation radius, with the emission
radius deﬁned by RICMART;Γ
2ctpulse, where tpulse is the
duration of the entire pulse (usually the rising phase), e.g., the
Internal-Collision-induced MAgnetic Reconnection and Tur-
bulence (ICMART) model (Zhang & Yan 2011). In this second
scenario, the rapid variability timescale is related to the mini-
jets associated with local magnetic reconnection sites in the
ejecta (Zhang & Zhang 2014). The former model invokes
multiple emission sites, i.e., emission from many internal
shocks contribute to the observed emission, while the latter
model invokes one emitter, which continuously radiate as it
streams away from the engine. So it can be regarded as a one-
zone model.
In the framework of the synchrotron model, the peak energy
can be written as gµ +- -E L R z1p 1 2 e,ch2 1 1( ) , where L is the
“wind” luminosity of the ejecta, γe,ch is the typical electron
Lorentz factor in the emission region, R is the emission radius,
and z is the redshift (Zhang & Mészáros 2002). If other
parameters are similar to each other, one naturally has
Ep∝L
1/2, and hence, a tracking behavior. This is more
straightforward for the small-radii internal shock model. For
the ICMART model, since the emitter is initially at a smaller
radius where the magnetic ﬁeld is stronger, the Ep evolution
likely shows a hard-to-soft evolution (Zhang & Yan 2011;
Uhm & Zhang 2014, 2016). On the other hand, considering
other factors such as bulk acceleration, Uhm et al. (2018)
showed that the one-zone synchrotron model can produce both
hart-to-soft and ﬂux-tracking patterns depending on para-
meters. The Ep ﬂux tracking, therefore, can be made consistent
with both synchrotron models.
The clue to differentiate between the models comes from the
α tracking behavior, as observed in GRB 131231A. In the
rising phase, α gets harder, which suggests that the emitting
electrons are evolving from the fast cooling regime to the slow
cooling regime. Invoking many emission regions (like in the
small-radii internal shock model) to satisfy this constrain
required very contrived coincidence. On the other hand, the
large-radius one-zone model can do this naturally, as shown in
Uhm & Zhang (2014); as the emission region moves away
from the central engine, the magnetic ﬁeld in the emission
region naturally decays with time. This would cause acceler-
ated electrons to experience a history of different degrees of
cooling at different times, e.g., from fast cooling to slow
cooling. The resulting photon spectrum should also experience
an evolution from fast-cooling-like to slow-cooling-like.
Another way to harden α is to introduce the transition from
synchrotron cooling to synchrotron self-Compton cooling in
the Klein–Nishina regime for the electrons (Bošnjak et al.
2009; Daigne et al. 2011; Geng et al. 2018). Since Ep increases
in the rising phase, the characteristic Lorentz factor γe,ch of
emitting electrons should be increasing with R when the
magnetic ﬁeld is decaying. The increase of γe,ch is consistent
with the particle-in-cell simulations (e.g., Werner &
Uzdensky 2017; Petropoulou & Sironi 2018). Such an increase
would enhance synchrotron self-Compton cooling of electrons
(see Equation (27) in Geng et al. 2018). On the other hand, the
increasing ﬂux intensity15 indicates that the ratio of the
radiation energy density to the magnetic energy density is
rising, which also supports that the synchrotron self-Compton
cooling for electrons is getting more signiﬁcant. These effects
together will make the spectrum of cooling electrons hard.
Therefore, both Ep and α tracking the ﬂux intensity is naturally
interpreted within the one-zone synchrotron model during the
rising phase.
In the decaying wing, α gets observationally softer. This is
also understandable within this theoretical framework. The
decay phase of a broad pulse is likely controlled by the so-
called “curvature effect” (Kumar & Panaitescu 2000; Uhm &
Zhang 2015, 2016), which predicts an a b= +2ˆ ˆ closure
relation (in the convention of nµn a b- -F t ˆ ˆ ) if a proper time
15 When the magnetic ﬁeld is decreasing, the ﬂux density could increase if the
characteristic Lorentz factor γe,ch or the injection rate of electrons are
increasing.
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zero-point is chosen (Zhang et al. 2006).16 In Figure 7, we test
this closure relation, which suggests that the relation is roughly
satisﬁed. With this interpretation, both Ep and α are expected to
track the ﬂux. This is because when the dissipation process
ceases abruptly, the observer would observe emission from
progressively higher latitudes, which corresponds to an earlier
emission time. One would then observe a reversely softening
spectrum during the decay phase. Due to the progressively
lower Doppler factor at higher latitudes, Ep also decays with
time during the decaying phase.
As a result, the observed “double-tracking” behavior can be
well interpreted within the one-zone synchrotron model.
3.2. Photosphere Models
The photosphere models (Rees & Mészáros 2005; Pe’er et al.
2006; Giannios 2008; Pe’er 2008; Beloborodov 2009, 2011;
Lazzati & Begelman 2009; Ioka 2010; Pe’er & Ryde 2011;
Ryde et al. 2011; Toma et al. 2011; Aksenov et al. 2013; Bégué
et al. 2013; Lundman et al. 2013; Rufﬁni et al. 2013, 2014;
Deng & Zhang 2014; Meng et al. 2018) invoke an even smaller
emission radius than the small-radii internal shock model,
which interprets the broad pulse as observed in GRB 131231A
as a manifestation of the history of central engine activity.
Since usually the luminosity is positively correlated to the
temperature, the photosphere model usually predicts an
Ep—ﬂux-tracking behavior (Deng & Zhang 2014), even
though in certain structured jet geometry, a reversed (hard-to-
soft evolution) pattern may be also produced (Meng et al.
2019).
The difﬁculty is to produce the observed α and its tracking
behavior. There are several issues. First, the photosphere
models, even with the temporal and spatial superposition
effects considered, predict a much harder value (α∼+0.4)
than observed (Deng & Zhang 2014). In order to reproduce a
typical α∼−1, a special jet structure needs to be introduced
(Lundman et al. 2013). Second, similar to the small-radii
internal shock model, in order to reproduce the well-observed
α-tracking behavior, very contrived conditions from the central
engine (the power from the engine as well as the jet structure
from the engine) are needed. Both an overall soft α value and
the nice double-tracking behavior of GRB 131231A disfavor a
photosphere interpretation of this burst.
4. Discussion and Conclusion
It is useful to compare our ﬁnding with several previous
works. Burlon et al. (2009) selected a sample of 18 GRBs that
have at least two time-resolved spectra of the precursor, from
51 BATSE bursts with the precursor presented in Kaneko et al.
(2006). They investigated the relationship of the spectral
feature between the precursor and the main GRB episodes. Out
of 18 bursts, they found 1 case (GRB 930201) whose both
photon spectral index α and Ep follow a strong soft-to-hard
evolution in the rising phase of the precursor and vice versa in
the descending part (see Figure 4 in Burlon et al. 2009). This is
similar to our case, but the trend is not as clear as our case. The
rising part of the Ep evolution for GRB 930201 does not exhibit
an “ideal” ﬂux-tracking behavior due to two reasons: ﬁrst, in
their time-resolved spectral analysis, the number of time bins
(only four) is limited; second, the ﬁrst time bin obviously
deviates from the ﬂux-tracking behavior. We also compared the
Ep–α relation in our case with three other single pulse bursts
studied by Lu et al. (2012), in which Ep also exhibits the ﬂux-
tracking behavior. No clear relationship is found for those three
bursts and much harder α values are derived (see Figure 5).
Recently, Yu et al. (2018) systematically studies a complete
catalog of the spectral evolution of 38 single pulses from 37
Fermi GRBs with a fully Bayesian approach and found that the
α evolution does not show a strong general trend.
In this paper, we report both Ep and α evolutions of GRB
131231A that show “ﬂux-tracking” characteristics simulta-
neously (“double-tracking”) across its entire single pulse. All
the parameter relations, i.e., Ep–F, α–F, and Ep–α relations,
along with the Yonetoku Erestp –Lγ,iso relation, exhibit strong
positive-monotonous correlations, both in the rising and the
decaying wings. Such “double-tracking” features are rarely
observed within single pulse bursts, and this is the ﬁrst ideal
Figure 7. Test of the high-latitude curvature effect in GRB 131231A. Left panel: the Fermi-GBM light curve are marked with solid points, while the hollow points
indicate the new Fermi-GBM light curve by shifting with T0=10 s. Right panel: testing the closure relation of the curvature effect in the decaying wing (orange);
colors are the same as in the left panel. The temporal index aˆ and the spectral index bˆ satisfy a simple relation (Kumar & Panaitescu 2000): aˆ=2+bˆ (solid line), with
the convention nµn a b- -F tobs obs obsobs ˆ ˆ .
16 Another way to interpret the decaying phase of a pulse is to assume that the
accelerated electrons have a progressively lower minimum energy at the shock
front (Daigne et al. 2011). However, there is no predictable closure relation to
test this model.
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case showing that the Ep, as well as the α, simultaneously track
the ﬂux. We then discuss how these unique characteristics of
spectral evolution may be interpreted within the frameworks of
both the synchrotron and photosphere models. We ﬁnd that the
coexistence of the ﬂux-tracking behaviors for Ep and α can be
naturally interpreted with the one-zone synchrotron emission
model, with the emission region far from the central engine. It
disfavors the photosphere origin of emission from this burst.
We expect that similar features may exist in more bursts. In
fact, dedicated searches of these features in a larger sample (D.
Tak et al. 2019, in preparation) indeed revealed similar features
in a larger sample independently.
In conclusion, our analysis suggests that the spectral
evolution in GRB 131231A is the ﬁrst ideal case showing that
Ep and α both simultaneously track the ﬂux so far. Considering
other features—for instance, single large peak pulse α
evolution does not exceed the synchrotron limit (α=−2/3)
in all slices across the pulse—altogether such distinct features
have never been identiﬁed simultaneously in a single GRB in
the previous observations.
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